1. Introduction {#sec1}
===============

In recent years, there has been major progress in the redox biology of exercise making this review paper highly relevant to the area of Sport Science. Studies have shown that physical exercise increases the production of reactive species and free radicals. Although in excess the unbalance between these oxidant molecules and the body\'s antioxidants can lead to detrimental effects in our organism, reactive species produced during exercise have an essential role in muscle adaptation to exercise, as studies show.

This review starts by explaining the different modes of exercise, and then offers an overview of the exercise-induced production of reactive species. This is followed by a description of the body\'s antioxidant network, and specific details of enzymatic and nonenzymatic antioxidants are given. The efficacy of dietary antioxidant supplementation is also discussed. Finally, the review presents important findings on how reactive species during exercise lead to favourable exercise-induced adaptations, such as enhancement in the antioxidant enzyme activity, angiogenesis, mitochondria biogenesis, and muscle hypertrophy. Our approach provides a general understanding of the subject and presents interesting new findings; when necessary, reference is made to more specific reviews.

2. Definition of Exercise {#sec2}
=========================

Exercise can be defined as any planned structured activity that leads to increase in energy expenditure and heart rate. There are different modes of exercise in relation to intensity (aerobic and anaerobic), to muscle contraction (isometric, concentric, and eccentric), and to frequency (acute and chronic). It is necessary to explain each of these modes of exercise so the reader can better understand the influence of exercise in reactive species production and its consequence in angiogenesis, hypertrophy, and mitochondria biogenesis.

2.1. Differences between Aerobic and Anaerobic Exercise {#sec2.1}
-------------------------------------------------------

The main physiological difference between aerobic and anaerobic exercise is the energy source. On one hand, aerobic exercise can be characterized by the use of aerobic metabolism during the physical effort. In this case, the aerobic metabolism primarily generates energy from fat, and with the use of oxygen it produces energy, without much accumulation of lactic acid in the blood. On the other hand, anaerobic exercise is characterized by short periods of high to maximal efforts when energy is supplied via the anaerobic metabolism, that is, without the use of oxygen, and this results in high accumulation of lactic acid in the blood \[[@B1], [@B2]\]. Examples of aerobic-endurance exercises are jogging, running, swimming, rowing, and cycling when performed around 50--75% of participants\' maximal aerobic capacity (VO~2max⁡~) and for relatively prolonged periods of time. Examples of anaerobic exercises are sprints (while swimming, biking, or running), long jumps, competitive weightlifting, or anything lasting up to 2 minutes and performed above the participants\' lactate threshold (e.g., \>75%  VO~2max⁡~ for trained individuals).

2.2. Differences between Isometric, Concentric, and Eccentric Exercise {#sec2.2}
----------------------------------------------------------------------

Muscle contraction occurs when the central nervous system transmits a signal to the muscle fibre. Providing that there is enough energy and calcium availability, the muscle fibres generate tension and the muscle may shorten, lengthen, or remain with the same size. Concentric contraction refers to the shortening of the muscle with the production of force. Examples of a concentric exercise includes the curling phase of a situp, where the two ends (origin and insertion) of abdominal muscles are moving closer together, contracting and shortening \[[@B1], [@B3]\]. Eccentric contraction corresponds to the "stretching" of the muscle from a concentric or static position while tensioned. An example of an eccentric exercise is the down phase of a biceps curl, where the opposite force generated by the dumbbell produces a force greater or equal to the one produced to elongate the two ends of the biceps to the initial position \[[@B1]\]. An isometric exercise consists in a muscle contraction taking place without motion in the affected joints, such as when an athlete holds a weight bell static at 90 degree in a biceps curl exercise.

2.3. Differences between Chronic and Acute Exercise {#sec2.3}
---------------------------------------------------

Acute exercise can be characterised by single bouts of exercise that produce temporary metabolic and cardiovascular responses lasting from few minutes up to several hours. Chronic exercise is when exercise bouts are repeatedly performed inducing a training response, where physiological and metabolic adaptations become more visible and long lasting \[[@B4]\]. Both aerobic and anaerobic exercises may be performed either chronically or acutely.

2.4. Components of Fitness {#sec2.4}
--------------------------

Components of fitness include the duration, the frequency, the intensity, and the type of activity of a training programme; these variables need to be considered carefully to certify that the aims of the programme are successfully attained. It is important to notice that the training strategies to improve, for example, aerobic performance are different from the ones required for strength fitness improvements, and each activity has specific needs that will influence the use of particular fitness components \[[@B1]\]. The type of sport or activity will dictate which kind of exercise should be incorporated to ensure a perfect improvement in physiological performance. Training aerobically is highly recommended for the development of long-distance running performance, but the same training plan does not apply for competitive weightlifting. Therefore, it is important to define the type of sport before applying the components of fitness in training.

It is also crucial to train at a frequency that will provide a stimulus which brings positive physiological adaptations, and balance it with enough recovery time in order to improve performance. Some activities will require higher frequency than others, compensated with adjustments on the intensity of exercise. Intensity is determined by the training target and the current fitness level of the athlete. This is manipulated, for example, by working at a different percentage from their maximal aerobic capacity (%VO~2max⁡~) or repetition maximum (1RM), normally in a progressive way, while the time (duration) of the training session should be controlled in relation to the intensity \[[@B1], [@B3]\]. Increasing the duration of an exercise session influences the component of fitness and, when well administered, can lead to positive gains in---amongst other aspects---performance.

Different sports and activities will use different energy systems and will recruit different muscle fibres, demanding therefore different training strategies by manipulating the components of fitness. Sprint runners will require higher anaerobic capacity and exercise intensity as well as less exercise bouts compared to long-distance runners. In addition, sports, such as tennis, involve eccentric movements on the lower body, so exercise prescription for that should aim at improving eccentric strength by using similar movements and intensity as the game. It is, therefore, clear that the components of fitness are interconnected and the manipulation of all of them, in a combined manner, is necessary for an improvement in physiological performance \[[@B1]\].

In this review, the effects of aerobic and anaerobic exercise when performed acutely or chronically will be discussed in depth, as will the differences between reactive species production in exercises that use different muscle contraction.

3. Production of Reactive Species during Exercise {#sec3}
=================================================

3.1. Reactive Species and Free Radicals {#sec3.1}
---------------------------------------

Reactive species and free radicals are molecules that, due to their molecular instability (e.g., unpaired electron), promote oxidation reactions with other molecules, such as proteins, lipids, and DNA, in order to become stabilized \[[@B5]--[@B7]\]. Many reactive species are oxygen centred (O~3~, H~2~O~2~, etc.) and are, thus, denominated reactive oxygen species (ROS). Some ROS are also free radicals, such as superoxide anion (O~2~^−^) and nitric oxide (NO), because they have an unpaired electron \[[@B6]\]. Free radicals and reactive species are essential to our wellbeing, having various regulatory roles in cells. For example, ROS are produced by immune cells---neutrophils and macrophages---during the process of respiratory burst in order to eliminate antigens \[[@B8]\]. They also serve as stimulating signals of several genes which encode transcription factors, differentiation, and development as well as stimulating cell-cell adhesion, cell signaling, involvement in vasoregulation and fibroblast proliferation, and increased expression of antioxidant enzymes \[[@B9], [@B10]\]. The latter example is observed when individuals perform chronic exercise and will be further discussed in [Section 4](#sec4){ref-type="sec"}.

Our body has an elaborate network of antioxidants that acts as a defence system neutralizing free radicals and reactive species. This process allows for the maintenance of homeostasis. Nevertheless, oxidative stress and impaired cellular function may occur if there is an exacerbated increase in the body\'s oxidant concentrations, overwhelming the available antioxidants. It may also occur if there is depletion in the available antioxidants due to disease or poor diet \[[@B11]\]. In fact, chronic oxidative stress has been suggested as being the cause or consequence of many acute and chronic human diseases \[[@B7], [@B12], [@B13]\], for example, obesity, cardiovascular diseases, cancer, acute lung injury, and multiple sclerosis.

Directly measuring the production of free radicals and reactive species is very difficult due to their high reactivity and low steady-state concentration. Nevertheless, the electron spin resonance (ESR) technique is a direct method of detection of species that have an unpaired electron, generally meaning that it is a free radical \[[@B14]\]. However, this technique, and a couple of other direct measurements, require very expensive equipment and have complicated methods. Thus, for the assessment of oxidative stress indirect methods are mainly used. For the measurement of oxidative stress biomarkers in human muscle tissue, expired air, urine, blood, and nasal lavage can be used \[[@B15]--[@B19]\]. According to Powers and Jackson \[[@B10]\], reliable markers of this process need to have the following characteristics: be chemically unique, be chemically detectable and have relatively long half-lives, increase or decrease during the oxidative stress process, and not be affected by other cell cycles in order to avoid confounding factors. In addition, oxidative stress is also commonly measured by analyzing the shift in the body\'s antioxidant system and the activity of specific antioxidant enzymes \[[@B5]\].

3.2. Exercise-Induced Oxidative Stress {#sec3.2}
--------------------------------------

Under basal conditions the skeletal muscle produces superoxide anions and NO at a low rate. However, during contractile activity, this rate is drastically increased. In fact, aerobic exercise is associated with an increase in oxygen uptake both by the whole body and especially by the contracting muscle group. Sen \[[@B20]\] reported an increase of 10--15-fold in the rate of whole body oxygen consumption and an increase of more than 100-fold in the oxygen flux in active muscles during whole-body aerobic exercise.

Although the direct evidence for ROS production during exercise is limited \[[@B14], [@B21], [@B22]\], mainly due to limitations of the methods used, there is an abundance of the literature providing indirect support that oxidative stress might occur during aerobic and anaerobic exercise (for review on exercise-induced oxidative stress, see Fisher-Wellman and Bloomer \[[@B5]\]). When analysing the available literature, there are some different findings regarding the oxidative-stress rates as the result of exercise performance. This is comprehensible because a variety of factors can influence the oxidative rate, such as the muscle groups recruited, the modes of contraction, the exercise intensity, the exercise duration, and the exercising population. Therefore, the exercise models used in studies deserve critical evaluation.

3.3. Mechanisms of Increased Free-Radical Production with Exercise {#sec3.3}
------------------------------------------------------------------

The causes of increased free radical and ROS production during exercise have not been totally clarified. Although various mechanisms have been identified, there is still a lack of understanding of how each one of them contributes to the total amount of oxidative stress produced. In addition, these mechanisms may act synergistically, and different types of exercise probably elicit different pathways of free radical production \[[@B23]\]. For instance, although the general consensus is that, during exercise, reactive species production occurs mainly by contracting muscle (skeletal and heart), other mechanisms, such as, inflammatory processes and increased release of catecholamine, that may occur with exercise, also play an important role in the generation of reactive species. The main mechanisms for reactive species production are described below.

Electron Leak at the Mitochondrial Electron Transport ChainThis theory has led to the interpretation that a substantial increased free radical generation is to be expected during exercise due to a "leak" of electrons in the respiratory chain in the mitochondrial inner membrane of the contracting muscle cells. This would occur due to the inadequate coupling of the electron transfer between the complexes I and III ([Figure 1](#fig1){ref-type="fig"}) \[[@B23], [@B24]\]. It seems that complex I---namely, the iron-sulfur clusters---releases the reactive oxygen species---superoxide anion---only towards the mitochondrial matrix, whereas complex III---the ubiquinol oxidation site---releases superoxide into both matrix and outside the inner membrane \[[@B24], [@B25]\]. Despite this theoretical appeal, there is little direct evidence that mitochondrial superoxide anion production is increased during exercise. In addition, there are studies with isometric exercise where the oxygen pressure (PO~2~) in the mitochondria was proven to be low but still demonstrated an increase in the oxidative stress \[[@B26]\]. Bailey et al. \[[@B21]\] also demonstrated that free radical outflow of a contracting muscle was associated with decreases in intracellular PO~2~ rather than with conditions of increased oxygen flux. These studies reinforce the fact that it is unlikely that an increase in mitochondrial oxygen flux is the only, or main, cause for increases in radical production during exercise \[[@B23]\].

Ischemia Reperfusion and Activation of Endothelial Xanthine OxidaseThe enzyme xanthine oxidase is known to be involved in the pathophysiology of the ischemia-reperfusion syndrome and can lead to tissue damage that may occur after an exhaustive bout of exercise \[[@B27]\]. The following mechanisms describe this process. During exercise, blood flow is shunted from many organs and tissues and redirected to the working muscles; this ischemic condition triggers the conversion of the enzyme xanthine dehydrogenase to xanthine oxidase; when the exercise ceases and the tissues are reoxygenized, xanthine oxidase produces superoxide (O~2~^−^) and H~2~O~2~ as byproducts of the degradation of hypoxanthine into xanthine and subsequently into uric acid \[[@B7]\], [Figure 2](#fig2){ref-type="fig"}. Although this has been shown to happen in few studies, more research is necessary to determine the role that endothelial xanthine oxidase plays in exercise-induced ROS production in humans.

Neutrophils and the Inflammatory ResponseAs a consequence of an exercise bout, tissue damage or an increase in the inflammatory cell pool may lead to a rise in reactive species production from nonmuscle source. When neutrophils or other phagocytic cells are activated, they release ROS. Despite the fact that this inflammatory response is critical to the removal of damaged proteins and infections, ROS and other oxidants released from these cells can also cause secondary damage, such as lipid peroxidation. Exercise can elicit muscle injury accompanied by the activation of neutrophils \[[@B28]\]. Bøyum et al. \[[@B29]\] showed not only an increase in neutrophil number following aerobic exercise (cycling for 65 min at 75%  VO~2max⁡~) but also an increase in their respiratory burst activity measured as chemiluminescence. An increase in neutrophil counts has also been described in short duration (less than 20 min) resistance exercise \[[@B30]\]. This reinforces the fact that there is an increase in plasma neutrophils even when oxygen consumption during physical activity is only moderately increased.

NADPH Oxidase StructureThe reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex was originally identified and characterized in phagocytes, where it plays an essential role in nonspecific host defense against microbial organisms \[[@B31]\]. Nevertheless, this complex is also found at many sites in skeletal muscle, cellular endothelium, and plasma membrane \[[@B10]\]. NADPH oxidase is normally quiescent, but, when it becomes activated, during muscle contraction or when recruited for antimicrobial and proinflammatory events, it can generate large amounts of O~2~^∙−^ that can be converted in H~2~O~2~ by the antioxidant superoxide dismutase \[[@B31]\].

Autooxidation of CatecholaminesAdrenaline, noradrenaline, and dopamine are often referred to collectively as catecholamines. With exercise, there is an increase in the plasma concentration of these substances \[[@B32]\]. The oxidation of catecholamines can produce superoxide anion, H~2~O~2~, and other nonoxygen-derived species in a complicated series of reactions. This can lead to a depletion of cellular antioxidant concentration in the blood, such as glutathione, altering the redox (oxidation-reduction) balance \[[@B7], [@B10]\].

Despite the need for a better comprehension of how these mechanisms of ROS generation interact, the mechanism by which they affect the function of exercising muscles is well established. At rest, the muscles\' low concentration of ROS is critical for force generation. During muscle contractile activity there is a rise in ROS production. On one hand, production of reactive species during both aerobic and anaerobic nonexhaustive exercise has been shown to be important for the adaptation of the muscle fibres \[[@B33]\]---this process will be discussed in [Section 5](#sec5){ref-type="sec"}. Nevertheless, during strenuous exercise, the production of ROS can be higher than the buffering capacity of the antioxidants of the muscles. As ROS accumulates in the contracting muscles, the oxidation of proteins and lipids might cause, amongst other things, inhibition in force production, contributing to the development of acute fatigue \[[@B10], [@B34]\]. In addition, this exaggerated increase in ROS levels in response to strenuous exercise can also lead to oxidative DNA modification, inhibit locomotory and bactericidal activity of neutrophils, reduce the proliferation of T lymphocytes and B lymphocytes, inhibit natural killer cells, damage cell membrane, and other cellular compounds \[[@B35], [@B36]\].

4. The Antioxidant System and Exercise {#sec4}
======================================

Due to the potential role that reactive species and free radicals have in lipid, protein, and DNA damage, it is not surprising that a network of antioxidant defense mechanism is present in the body. In general, antioxidants are often reducing agents, which exist both intracellularly and extracellularly and have the capacity to react with free radicals and reactive species, minimizing their actions and, thus, delaying or preventing oxidative stress \[[@B10]\].

Antioxidants can be both synthesized *in vivo* and absorbed through diet. They can be divided into two groups: enzymatic and nonenzymatic. The main enzymatic antioxidants include superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase (CAT). Each of these enzymes is responsible for the reduction of a different ROS, and they are located in different cellular compartments. (1) SOD: there are 3 isoforms of this antioxidant, two of them are present within cells, whereas the other one is located in the extracellular space. Specifically in skeletal muscle cells, the highest percentage of SOD (65--85%) is found in the cytosol, and the remaining (15--35%) is present in the mitochondria of the muscles. SOD catalyses the reaction of superoxide radicals into oxygen and hydrogen peroxides (H~2~O~2~). (2) GPX: located in both the cytosol and the mitochondria of cells, it is responsible for the removal of a wide range of hydroperoxides---from complex organic hydroperoxides to H~2~O~2~---thus, it may protect membrane lipids, proteins, and nucleic acids from oxidation. GPX is also present in muscle cells, but its activity varies depending on the muscle fibre type, with the greatest activity present in slow twitch muscle fibres (type I) which have higher oxidative capacity. (3) CAT: it is extensively distributed within the cells, and its main function is to degrade H~2~O~2~ into H~2~O and O~2~. Nevertheless, it has a lower affinity for H~2~O~2~ compared with GPX. Similarly to the latter, CAT can be found in higher concentration in type I muscle fibres (for further details on these enzymes, refer to Powers and Jackson \[[@B10]\]).

The nonenzymatic antioxidant group includes glutathione, vitamin C, vitamin E, carotenoids, uric acid, and others. Similarly to the enzymatic antioxidants, these are present in different cellular compartments and elicit distinct antioxidant properties which maximize their effectiveness \[[@B11]\]. Below are more details on the nonenzymatic antioxidants---glutathione, vitamin C, and vitamin E.

GlutathioneReduced glutathione (GSH) is a water-soluble low-molecular-weight tripeptide formed from the amino acids glutamate, cysteine, and glycine. These three amino acids can be obtained from food intake. All types of cells are capable of synthesizing GSH. This synthesis process occurs through two sequential reactions and requires the action of two enzymes: for the first reaction, *γ*-glutamylcysteine and GSH synthetases for the consecutive reaction ([Figure 3](#fig3){ref-type="fig"}). Levels of the produced GSH act as a feedback for the control of reaction 1 (see [Figure 3](#fig3){ref-type="fig"}), this helps maintain its adequate production \[[@B37]\]. GSH can also be obtained directly from food, but only small amounts of the intact tripeptide are absorbed by the gut; most are broken down into amino acids, which are then used in the synthesis cycle. Thus, a healthy diet with a balanced protein intake is essential for an adequate GSH homeostasis in the body \[[@B38], [@B39]\].

GSH exerts various essential functions in the body. Amongst these functions is its major antioxidant role. It efficiently scavenges ROS and free radicals preventing an increase in the oxidative stress process. In these reactions, the reduced GSH is oxidized, via the enzyme glutathione peroxidase, to form glutathione disulfide (GSSG). Note that GSSG is formed by two GSH molecules linked via a disulfide bond due to oxidation of the thiol (SH) groups. Once oxidised, GSSG can be reduced back to its original GSH form by the enzyme GSSG reductase and nicotinamide adenine dinucleotide phosphate (NADPH). Nevertheless, when there is a high level of oxidative stress, NADPH becomes depleted and there is an intracellular accumulation of GSSG. This excess GSSG can either be exported out of the cell or it can form a mixed disulfide. Despite what happens to the oxidized glutathione, depletion of cellular GSH can be observed when an intense oxidative stress process occurs \[[@B40]\].

Measuring the plasma level of GSH or its oxidized form (GSSG) is a widely accepted method of detecting oxidative stress and can be reported as redox potential, GSH or GSSG concentration, or GSH/GSSG ratio. It is not only a good indicator of systemic oxidative status but also a useful indicator of disease risk \[[@B41]\], and, therefore, it has been used in various studies to indicate the free radical production during exercise \[[@B19], [@B42]--[@B44]\]. However, these studies do present some divergent results which could possibly be explained by the difference in subject fitness, exercise protocol, and method of determining the glutathione concentration.

Vitamin CIt is a water-soluble vitamin and refers to both ascorbic acid and dehydroascorbic acid (DHA). Ascorbic acid is the main form of the vitamin found *in vivo*. This vitamin, also referred to as ascorbate, is found in relatively high levels in different tissues throughout the body. Ascorbate has clearly been shown to play an essential role in connective tissue biosynthesis, and its deficiency results in scurvy, a disease which leads to the deterioration of collagen production and results in fragile blood vessels and impaired lesion healing. This disease is reversible once the individual restarts the ingestion of ascorbate. Vitamin C is also a strong reducing agent, due to its facility in donating electrons, with important antioxidant properties \[[@B45]\]. It can inactivate a variety of reactive species minimizing damage to body tissues.

During oxidation reactions, only small amounts of ascorbate are lost because, once it is oxidized, it can be reduced back to ascorbic acid by reductants such as glutathione, nicotinamide adenine dinucleotide (NADH), and NADPH. Similarly, vitamin C is also known to regenerate other antioxidants, such as vitamin E and glutathione, back to their reducing state; thus, maintaining a balanced network of antioxidants \[[@B46]\].

When ingested, vitamin C is absorbed in the intestines either by active transport, if the availability of the vitamin is low, or by simple diffusion if it is present in high concentrations. If ingested in excess, it is degraded in the intestines and can cause diarrhea and intestinal discomfort. Besides the absorption and degrading mechanisms occurring in the intestines, the kidneys are also responsible for conserving or eliminating unmetabolized ascorbic acid to help maintain the body\'s ascorbic acid balance \[[@B45]\].

Vitamin EIs a lipid-soluble vitamin also referred to as *α*-tocopherol. There are a variety of vitamin E molecules that differ in structure. The various forms of this vitamin differ significantly in their metabolic functions and bioavailability. In humans, over 90% of vitamin E encountered in the body is *α*-tocopherol. However, not all the *α*-tocopherol forms are maintained in the plasma. The *α*-tocopherol, which is encountered naturally in food together with synthetic forms of the *α*-tocopherol (the isomers RRR-, RSR-, RRS-, and RSS-*α*-tocopherol), can be maintained in the human plasma and tissues. When ingesting *α*-tocopherol supplements, the RRR-*α*-tocopherol form is preferable \[[@B45], [@B47]\].

This vitamin has been shown to have beneficial effects in relation to some diseases, it has also been associated with a decreased risk in cardiovascular disease, and it can help slow the progress of degenerative diseases, such as atherosclerosis. In contrast, in patients suffering from impairment in intestinal fat absorption, *α*-tocopherol deficiency has been associated with neuronal degeneration \[[@B48]\]. Nevertheless, a recent review study \[[@B49]\], which thoroughly analyzes over 47 antioxidant supplementation research papers on all-cause mortality, has unexpectedly shown the negative effect of some supplements. Vitamin E, for example was one of the antioxidants that was associated with an increase in mortality, while Vitamin C did not show a similar effect. It is difficult to determine the specific biochemical and physiological mechanisms that may have led to this result. More investigation is, therefore, necessary to answer questions that such research generates. In addition, these results concerning synthetic antioxidants should not be transferred to effects that fruit and vegetables have on human health.

Similarly to vitamin C, vitamin E has important antioxidant properties. Due to its capacity for scavenging ROS and free radicals, particularly peroxyl radical (ROO^∙^), it exerts the important function of protecting cellular membranes and plasma lipoproteins against lipid peroxidation. This is possible because vitamin E has a great affinity for reducing peroxyl radicals, preventing their interaction with the membrane phospholipids or lipoproteins \[[@B45]\]. Indeed, vitamin E can be considered one of the major inhibitors of lipid peroxidation *in vivo* \[[@B7]\]. Once oxidized, it can be regenerated back to its reduced state by vitamin C, as mentioned previously. Nevertheless, research shows that increased levels of *α*-tocopherol radicals that are not converted back to the reduced form can act as prooxidants, initiating oxidative stress processes by themselves. In addition, an environment that lacks other antioxidants or that has a high level of oxidative stress will contribute to vitamin E acting as a pro-oxidant \[[@B46]\].

The evidence that exercise leads to an increase in free radicals and reactive species has led researchers to analyse the efficacy of dietary antioxidant supplementation in order to attenuate the muscle oxidative stress generation and thus improve muscular performance and immune function. An example that can be mentioned is the supplementation with vitamin E. As mentioned at the start of this section, vitamin E has been found to protect cellular membranes from lipid peroxidation. Hence, it is logical to assume that this vitamin could protect muscle cells against exercise-induced damage. Early studies, analyzing the effects of vitamin E supplementation and exercise, investigated its effect on performance. Most of the studies, however, report no benefit of vitamin E neither for muscle strength nor for endurance performance \[[@B50]\]. Furthermore, it has been hypothesized that vitamin E supplementation could have a protective effect against the contraction-induced muscle damage oxidative stress that may occur after an intense exercise bout. This rationale is based on the knowledge that this vitamin can stabilize muscle membranes by interacting with its phospholipids which would, this way, provide some protection against the increase in oxidative stress or muscle damage observed after certain types of exercise \[[@B50]\]. Yet results of the various studies have been quite contradictory, and it is not within the scope of this review to discuss these issues in depth, for further details refer to the review of Jackson et al. \[[@B51]\].

Interestingly, recent work has shown that the increase in reactive species during exercise leads to favourable exercise-induced adaptations. Pertaining literature documents well that both aerobic and anaerobic training causes an enhancement in the antioxidant enzyme activity in various tissues \[[@B33], [@B52], [@B53]\]. This is an adaptation process that happens because the free radicals, produced during muscle contraction, act as signalling molecules. This stimulates the gene expression and, hence, increases production of antioxidant enzymes and modulates other oxidative stress protection pathways, such as enhancing the activity of DNA repair enzymes in skeletal muscles \[[@B33], [@B54]\]. This strengthens the body\'s antioxidant network system which, consequently, minimizes the oxidative stress process \[[@B33]\]. This stimuli associated with enhanced antioxidant protection occurs not only in the muscles but also systemically so vital organs, such as liver and brain, also go through this beneficial adjustment \[[@B55]\].

This adaptation process, resultant from regular exercise stimulus, can be explained by the hormesis theory. This theory postulates that chemicals and toxic substances may have a low-dose stimulation high-dose inhibitory effect. That means they can provide positive responses when present in small amount \[[@B56]\]. In this regard, the type and duration of training are key for a significant upregulation of the endogenous antioxidants with long-duration high-intensity endurance training being more effective \[[@B57]\]. Niess et al. \[[@B58]\] reported that trained individuals presented less DNA damage after an exhaustive bout of exercise compared to untrained men. Other evidence for this training adaptation was reported by Miyazaki et al. \[[@B59]\], which showed that free radical production was reduced after 12 weeks of endurance training. More specifically, they reported a decrease in the neutrophil superoxide anion production and attenuation in the lipid peroxidation process. The contrary is also true as sedentarism not only reduces various physiological functions but also decreases the body\'s oxidative stress protection mechanisms. Consequently, there may be an increase in the occurrence of oxidative stress associated with diseases such as cancer, atherosclerosis, cardiovascular, and neurodegenerative diseases \[[@B55]\].

5. Does ROS Play an Important Role in Exercise-Induced Adaptation Response? {#sec5}
===========================================================================

As previously mentioned, oxidative stress is often used to indicate a condition in which accumulation of reactive species has damaging effects in many tissues and organs \[[@B7]\]. However, emerging pieces of evidence have shown that oxidative stress plays a critical role in muscle homeostasis and exercise metabolism of skeletal muscle. This suggests that reactive species are not merely damaging agents inflicting random destruction to cell structures and functions, but that they are also---at least within physiological concentration---useful signalling molecules that regulate growth, proliferation, differentiation, and may be responsible for some adaptations in exercised tissue and in nonexercised tissues, such as the brain \[[@B55], [@B60]\]. Therefore, physical exercise induces acute increased production of reactive species in skeletal muscle, which can work as intracellular signaling molecules \[[@B61], [@B62]\]. But, how do reactive species act as physiological signaling molecules in exercise-induced remodeling tissue and who are the most important players in this game?

5.1. Angiogenesis {#sec5.1}
-----------------

Angiogenesis is the process through which activated endothelial cells branch out from an existing capillary \[[@B63]\]. The growth of new blood vessels is an important natural process required for healing wounds and for restoring blood flow to tissues after injury or insult \[[@B64]\]. It is known that endurance training induces angiogenesis responses on muscle tissue \[[@B63]\]. For endurance athletes, this adaptation is very important due to the increased need of oxygen supply to all muscle mass. The process of angiogenesis is controlled by a number of mediators that are released in the tissues surrounding the small vessels \[[@B64]\]. Physical exercise can activate this process contributing with the release of some mediators. Significant variation (physiological or physiopathological) in mechanical forces that occur *in vivo* cannot be countered by acute regulation of vessel wall diameter, leading to phenotypical modulation of the endothelial cells and vascular cells, producing structural modifications of the arterial wall. As such, vascular remodeling is a fundamental basis of normal vessel growth and exercise-induced adaptation.

Recently, the role of ROS in high flow-induced vascular remodeling was demonstrated in a mouse model of artery-jugular vein (AVF) where ROS production was enhanced in arteries exposed to chronic high flow, both 1 and 3 weeks after opening of the AVF \[[@B65]\]. NADPH oxidase is identified as the major generator of shear stress-induced ROS in the AVF vascular wall. Generation of ROS and NO, derived from endothelial oxide nitric synthase (eNOS) activation, led to matrix metalloproteinases (MMP) activation, in AVF, and modulated flow-induced vascular enlargement. MMPs collectively cleave most, if not all, of the constituents of the extracellular matrix. Observations made in p47phox^−/−^ mice and eNOS^−/−^ mice also provided direct evidence that endogenous ROS and NO modulated not only the activity of MMPs but also their production in arteries exposed to elevated blood flow. Lehoux \[[@B66]\] showed that long-term structural adaptation to altered blood flow is mediated by ROS. In addition, Lehoux et al. \[[@B67]\] demonstrated that high intraluminal pressure-induced MMP-9 in carotid arteries contributed to increased vessel distensibility. This factor points to the role of matrix degrading enzymes in the early stages of vascular remodeling.

As is well known, the key to angiogenesis is the vascular endothelial growth factor (VEGF), but the real relationship between exercise and angiogenesis is not completely understood. Initial studies on this topic were conducted in skeletal muscle. An upregulation of VEGF, following chronic muscle stimulation or a single bout of moderately intense treadmill running, occurs in the skeletal muscle of rats \[[@B68]\]. In the case of treadmill running VEGF mRNA was upregulated in the active muscle of rats approximately 2- to 4-fold by the end of the exercise bout and remained elevated for the following 4 h. Eight hours after exercise, the VEGF mRNA levels had returned to that of resting muscle.

According to Gustafsson et al. \[[@B69]\], upregulation of VEGF mRNA also occurs during exercise in healthy humans. Similarly, exercise upregulates other elements that are important in the angiogenesis process, for example, the mRNA of the VEGF receptors 1 and 2 (VEGFR1 and VEGFR2 resp.) are increased after muscle activity \[[@B70]\]. Therefore, it seems that aerobic exercise can amplify the angiogenic cascade.

Another important and recently investigated player in the angiogenesis exercise-induced process is PGC-1*α* (peroxisome-proliferator-activated receptor-c coactivator-1*α*). Arany et al. \[[@B71]\] have shown that the PGC-1*α* is a potent metabolic sensor and regulator, induced by a lack of nutrients and oxygen. In addition, PGC-1*α* powerfully regulates VEGF expression and angiogenesis in cultured muscle cells and skeletal muscle *in vivo*. Exercise can induce a temporary ischemia in muscular tissue \[[@B72]\]. Ischemia leads to a profound metabolic challenge with potentially catastrophic consequences. For example, PGC-1*α*^−/−^ mice showed a striking failure to reconstitute blood flow to the limb, in a normal manner, after an ischemic insult, whereas transgenic expression of PGC-1*α* in skeletal muscle is protective.

West et al. \[[@B73]\] described a novel mechanism of angiogenesis that is independent of hypoxia-triggered VEGF expression. The products of lipid peroxidation are generated as a consequence of oxidative stress and are recognized by toll-like receptors (TLR) promoting angiogenesis *in vivo*, thereby, contributing to accelerate wound healing and tissue recovery. Capillarity in active skeletal muscle is significantly increased by endurance exercise training, and, according to Bloor \[[@B63]\], any increase in muscle capillarity is important in improving blood-tissue exchange properties. This is because a greater capillary network would (1) increase the surface area for diffusion, (2) shorten the average diffusion path length within the muscle, and (3) increase the length of time for diffusive exchange between blood and tissue. Therefore, the persistence of newly formed vasculature in an inflammatory context leads to the maintenance of tissue remodeling. More studies are necessary to define the relationship of immune cells and other molecules and receptors, such as VEGF, PGC1-*α*, and TLR2, during the neovasculature process in response to exercise. This would be of relevance for creating training strategies for optimal tissue repair.

5.2. Mitochondrial Biogenesis {#sec5.2}
-----------------------------

Regular aerobic training produces an adaptation in skeletal muscle termed mitochondrial biogenesis \[[@B74]\], that is, increase in the number and size of mitochondria \[[@B75]\]. The mechanism behind this adaptation is not clear, but recent studies suggest a possible role for ROS in this process. Although considerable focus has been placed on the damage created by production of ROS, it is also known that ROS can activate signaling pathways involved in phenotypic adaptations. Researches demonstrate that ROS induce mitochondrial network branching and elongation. Pesce et al. \[[@B76]\] showed that mtDNA copy number increased with rising levels of ROS in aging skeletal muscle, and this increase, in mtDNA, was accompanied by an induction in mitochondrial mass. This response appeared to be mediated by PGC-1*α* and nuclear respiratory factor 1 (NRF-1) since the expression of both increased following exogenous ROS treatment \[[@B77]\]. Recently, Irrcher et al. \[[@B78]\] demonstrated that ROS can lead to an increase in PGC-1*α* promoter activity and expression via both adenosine monophosphate-activated protein kinase-dependent (AMPK) and AMPK-independent pathways. These pathways most likely account, in part, for the increase in mitochondrial biogenesis observed in the presence of ROS.

5.3. Skeletal Muscle Hypertrophy {#sec5.3}
--------------------------------

The literature suggests that reactive species have important roles in the regulation of cell signaling and changes in gene expression \[[@B79], [@B80]\], contributing, amongst other processes, to the control of skeletal muscle size. *In vitro*evidence indicates that ROS are capable of affecting the efficiency of muscular tissue differentiation and successful differentiation of satellite-derived myoblasts (progenitor cells that originate muscle cells) into functioning. Integrated myotubes is a fundamental prerequisite for muscle regeneration, a repair process which is of primary importance in maintaining muscle function \[[@B61]\].

ROS modulate the signaling of various growth factors via redox regulation. However, the role of ROS in insulin-like growth factor-1 (IGF-1) signaling is not fully understood. IGF-1 is a hormone with a similar molecular structure to insulin. It is a very important player in cell proliferation, differentiation, and survival, performing various tissue-specific functions \[[@B81]\]. IGF-1 induces myocyte (also known as a muscle cell) hypertrophy, particularly in skeletal muscle \[[@B82]\]. *In vivo*, muscle-specific transgenic mice overexpressing IGF-1 exhibit increased muscle mass, and mice specifically lacking IGF-1 receptor (IGF-IR) in their muscles have smaller muscles and reduced number of myofibers \[[@B83]\]. Hadayaningsih and coworkers \[[@B84]\] recently investigated whether ROS regulate the signaling and biological action of IGF-1 in C2C12 myocytes in mice. They found that IGF-1 induces ROS in C2C12 myocytes; while treatment with H~2~O~2~ significantly enhanced IGF-I-induced phosphorylation of the IGF-1 receptor (IGF-1R), phosphorylation was markedly attenuated when cells were treated with antioxidants. The downstream signaling pathway Akt/mTOR-p70S6K (a well-known hypertrophic pathway) was subsequently downregulated, and, furthermore, blocking Nox4---which is reported to produce ROS in insulin signaling---attenuated IGF-1-induced IGF-1R phosphorylation, indicating that Nox4 is involved in the regulation of IGF-1 signaling. Importantly, antioxidant treatments inhibited IGF-1-induced myocyte hypertrophy, demonstrating that ROS are necessary for inducing IGF-1 myocyte hypertrophy *in vitro*. These results indicate that reactive species play an essential role in the signaling and the biological action of IGF-1 in C2C12 myocytes, clearly showing that IGF-1 is an essential regulator of myocyte hypertrophy. As strength exercise stimulates skeletal muscle hypertrophy and local IGF-1 expression, this suggests the involvement of IGF-1 in exercise-induced myocyte hypertrophy.

Another molecule that appears to have an important role in the hypertrophic response to specific kind of exercise is interleukin-6 (IL-6). Recent scientific literature identifies IL-6 as an essential regulator of satellite cell-(muscle stem cell-) mediated hypertrophic muscle growth. IL-6 is locally and transiently produced by growing myofibres and associated satellite cells, and genetic loss of IL-6 blunted muscle hypertrophy *in vivo* \[[@B85]\]. Kosmidou et al. \[[@B86]\] have shown that ROS stimulate IL-6 release from skeletal myotubes, therefore, identifying a novel cellular source which could be responsible for the excess amounts of inflammation-responsive cytokine produced in strenuous-exercise models. Their results also suggest that the ROS-stimulated increase in IL-6 release is transcription dependent and involves p38 and NF*κ*-B activation. Although p38-MAPK emerges as a pivotal molecule orchestrating sequential events in the myogenic pathway, many details of p38-MAPK-induced myogenesis are yet to be elucidated. Whether different p38 MAPK family members specifically regulate the expression of particular subsets of genes, at different stages of differentiation, and whether they possess inducing or repressing activities are still to be determined \[[@B87]\].

A balance between reactive species production and antioxidant defense systems appears to represent a central key of many adaptive responses in skeletal muscle as well as hypertrophy and atrophy. It looks like, if the production of ROS is ideal (little higher than basal levels), the adaptive response is hypertrophy; but if the levels of ROS are increased many folds above basal levels and antioxidant defense capacity, there is an atrophic response such as Duchenne muscular dystrophy \[[@B88]\].

6. Conclusions {#sec6}
==============

As has been shown, a sophisticated signaling-transcription network within muscle fibres mediates exercise-induced skeletal muscle adaptation, and there is strong evidence that ROS has important role in this scenario. ROS participates in angiogenesis, mitochondrial biogenesis, and hypertrophy that have an important role in exercise prescription and athletic performance. In relation to acute exercise and free radical production, both anaerobic and aerobic exercise may result in augmented production of free radicals, but acute oxidative stress may not always be seen since ROS production is positively dependant of the load (intensity × duration) of exercise. It has been suggested that high ROS produced by acute bouts of exercise may be detrimental to the immune system; however, chronic exercise produces physiological adaptations capable of upregulating one\'s antioxidant system. In this regard, the type and duration of the training are key for a significant upregulation of the endogenous antioxidants with long-duration high-intensity endurance training having been shown to be more effective.

7. Future Perspectives {#sec7}
======================

The past 3 decades has brought enormous progress to our understanding of the impact of reactive species on exercise adaptative response. The muscular sources of ROS have been identified, and many of the signaling pathways that are modified by ROS have been studied; however, much remains to be discovered regarding the function of ROS in the specific adaptative response as angiogenesis, hypertrophy, and mitochondrial biogenesis. There is now a better understanding of the regulation of ROS sources during exercise, but that still needs to be further explored. Additional work is necessary to elucidate the specific role of reactive species in migration processes like rolling, adherent, and transmigrating cells; mechanistic adaptation processes need to be investigated. Finally, there are many researchers working to extend our knowledge of the molecular and cellular mechanisms involved in the relationship between oxidative stress and exercise.

![The mitochondrial respiratory chain. Electrons are transferred from complexes I, II, and III to IV. However, inadequate coupling of electron transfer can cause leakage, generating superoxide anions at different complex levels.](OXIMED2012-756132.001){#fig1}

![A suggested mechanism for the production of free radicals upon reoxygenation of ischemic or hypoxic tissues.](OXIMED2012-756132.002){#fig2}

![GSH synthesis illustrated by two reactions. Enzymes that catalyze the reactions are *γ*-glutamylcysteine synthetase and GSH sythetase.](OXIMED2012-756132.003){#fig3}
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